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Axial distribution and characterization of basolateral P2Y re- function and may be important in controlling renal cell
ceptors along the rat renal tubule. processes [1, 2]. Their effects are mediated by specific
Background. Several groups have identified P2Y receptors receptors, termed purinoceptors [3], which are dividedin the basolateral membrane of the rat nephron. These studies
into two groups: (1) P1 receptors, which have a greaterhave not covered all segments of the nephron and have relied
affinity for adenosine monophosphate (AMP) and aden-solely on the relative potency of receptor agonists for classifi-
cation. osine than for adenosine 59-triphosphate (ATP) and
Methods. We measured purine and pyrimidine-induced adenosine 59-diphosphate (ADP), and (2) P2 receptors,
changes in intracellular free calcium concentration ([Ca21]i) in for which the reverse is true. Both P1 and P2 are furtheranatomically defined segments of the rat nephron. To comple-
subdivided into A1, A2a, A2b, and A3 receptors and P2Xment these functional studies, we have used reverse transcrip-
(ligand-gated cation channels) and P2Y (G-protein–tion-polymerase chain reaction methodology to identify spe-
cific P2Y receptor transcripts in these segments. coupled) receptors, respectively [3]. To date, seven P2X
Results. Adenosine 59-triphosphate (ATP) mobilized [Ca21]i receptors have been cloned, and five mammalian P2Y
in all nephron segments, except for the thick ascending limb of
subtypes are cited [3].Henle, which was poorly responsive. Adenosine (100 mmol/L)
Since most P2Y receptors are coupled to the phospho-was without effect, confirming that the effect of ATP was medi-
ated by P2 receptors. In the proximal convoluted tubule (PCT) lipase C pathway [4], measurements of the intracellular
and outer medullary collecting duct (OMCD), there was evi- free calcium concentration ([Ca21]i) have been used to
dence for two receptor subtypes with characteristics of P2Y1- provide functional evidence for P2 receptor activation in
and either P2Y2- or P2Y4-like receptors. A novel finding in the several tissues, including the kidney. In the rat collectingthin limbs was the presence of a receptor with properties of
duct, evidence suggests that both P2Y1 and P2Y2 recep-both P2Y2 and P2Y4 receptor subtypes. To aid classification,
we identified P2Y receptor mRNA in rat nephron segments. tors are present [5–8]. In the rat [8], rabbit [9], and
In the PCT and OMCD and thin ascending limb of Henle, we Necturus [10] proximal tubule, only P2Y1 seems to be
found expression of P2Y1, P2Y2, and P2Y4 receptors. In the expressed. Data for the thick ascending limb (TAL) of
descending limb of Henle, P2Y1 and P2Y2 mRNA was found, Henle are less clear. In the mouse [11], P2Y2 are function-but P2Y4 was not expressed.
ally present, but this finding could not be confirmed inConclusion. These data suggest that extracellular ATP can
influence tubular cell function in all segments of the rat neph- the rat [8], indicative of species differences.
ron, through P2Y receptors via multiple (and coexpressed) Although important, such studies have not provided
P2Y receptor subtypes. a complete picture, as there is no information on the
thin limbs of Henle. Furthermore, in all of these studies,
the characterization of receptors was based solely on the
It is now widely accepted that extracellular purine relative potency of receptor agonists because there are
and pyrimidine nucleotides are potent regulators of cell no specific antagonists available. Pharmacological pro-
files, although very useful, cannot provide a definitive
classification of receptor subtype in native tissue, as dif-
Key words: purinoceptors, adenosine 59-triphosphate, thin limb of
ferent receptors may be localized in the same nephronHenle, intracellular free calcium concentration, receptor agonists, G
protein-coupled receptors. segment (or even tubular cell). Indeed, in some instances,
pharmacology profiles for different receptors are notReceived for publication February 25, 2000
mutually exclusive. For example, the recent cloning ofand in revised form May 23, 2000
Accepted for publication May 26, 2000 the rat P2Y4 receptor and its subsequent expression in
different cell systems reveal a remarkable similarity, inÓ 2000 by the International Society of Nephrology
1893
Bailey et al: P2Y receptors in the rat nephron1894
terms of agonist potency, to the P2Y2 subtype [12, 13]. fragments of the PCT, fragments of the pars recta (PR)
This raises the possibility that properties previously as- taken from cortical medullary rays along the S3 portion
cribed to P2Y2 receptors may be due to activation of of the proximal tubule, type II thin descending limbs
P2Y4. (DTL) of juxtamedullary nephrons taken from the inner
In the present study, we have investigated the effect stripe of outer medulla, thin ascending limbs (ATL)
of extracellular ATP on [Ca21]i in microdissected seg- taken from inner medulla, medullary and cortical TALs
ments of the rat nephron, including the thin limbs of (MTAL and CTAL, respectively), distal convoluted tu-
Henle’s loop. We report that basolateral P2Y receptors bules (DCTs), and cortical and outer medullary collect-
are functionally expressed in all segments, except the ing ducts (CCDs and OMCDs, respectively).
TAL, in which responses are poor. In the proximal con-
Measurement of intracellular free calciumvoluted tubule (PCT) and outer medullary collecting
duct (OMCD), we found clear pharmacological evidence [Ca21]i was measured using methods previously de-
for P2Y1 receptors. Interestingly, these segments also scribed in this laboratory [14]. Each tubular segment was
express a second receptor with characteristics of both loaded with the calcium-sensitive dye fura 2-AM (10
P2Y2 and P2Y4 receptors. In the thin limbs of Henle, mmol/L in microdissection medium; Molecular Probes,
P2Y2- or P2Y4-like receptors were identified pharmaco- Eugene, OR, USA) for one hour at room temperature
logically, but not P2Y1. As yet, antibodies specific to and subsequently transferred to a superfusion chamber,
these different receptor subtypes are not available, so where the ends of the segment were aspirated into two
detection of receptor mRNA by reverse transcription- glass holding pipettes (to prevent possible perfusion of
polymerase chain reaction (RT-PCR) was carried out to the luminal membrane). Thus held, the segment was
try to interpret these findings in molecular terms. superfused at a rate of 10 mL/min with HBSS for a five-
minute equilibration period. Then, fura 2 fluorescence
was measured in a tubular portion of 20 to 30 cells usingMETHODS
a standard photometric setup (model MSP 21; Zeiss,Isolation of rat nephron segments
Jena, Germany) during superfusion, first with HBSS
All experiments were performed on nephron segments alone and then to the same solution with an added test
isolated from male Sprague-Dawley rats (180 to 220 g) compound. All solutions were stored in individual reser-
that had been allowed free access to regular Purina rat voirs at room temperature until use; the temperature
chow and tap water before being anesthetized with so- was raised to 378C just prior to entry to the perfusion
dium pentobarbital [Nembutal; 50 mg/kg body wt, intra-
chamber.
peritoneally (IP)].
Following subtraction of tubular autofluorescenceThe left kidney was perfused via the renal artery with
from the fluorescence intensities of fura 2 at 340 and 3805 mL of HEPES-buffered saline solution [HBSS; con-
nm, [Ca21]i was calculated from the standard equationtaining (in mmol/L) 140 NaCl, 5 KCl, 0.8 MgSO4, 0.33 [15] using a dissociation constant of fura 2 for calciumNa2HPO4, 0.44 NaH2PO4, 1.0 MgCl2, 1 CaCl2, 10 HEPES, of 224 nm. The calibration parameters were determined5 NaOH, 5 glucose, pH 7.4], followed by the same volume
by internal calibration using a solution containing 10of a 0.16% collagenase solution (Serva; Boehringer Mann-
mmol/L ionomycin and either zero Ca21 and 1 mmol/Lheim, Mannheim, Germany). Thin corticomedullary slices
EGTA (for Rmin) or 3 mmol/L Ca21 (for Rmax).were then incubated in 0.12% collagenase solution for
20 minutes at 308C before segments were isolated in mRNA extraction
microdissection medium (HBSS to which 0.1% bovine
RNAs were extracted from microdissected segmentsserum albumin had been added) at 48C. In some experi-
using a micromethod [16] adapted from the guanidiumments, segments were microdissected from noncollagen-
thiocyanate-phenol/chloroform method [17]. Briefly,ase-treated kidney tissue, and for most segments, the
pools of individual segments were transferred with 5results obtained were no different. For the proximal tu-
to 10 mL of microdissection medium into 400 mL ofbule, however, collagenase treatment was found to affect
denaturing solution (4 mol/L guanidinium thiocyanate,adversely responses to calcium-mobilizing agents, and
25 mmol/L sodium citrate, pH 7.0, 0.5% sarcosyl, 0.1thus, only noncollagenase-treated kidneys were used
mol/L b-mercaptoethanol, and 20 mg of yeast tRNA).(isolated from rats of body weight 90 to 100 g). Pyruvate
After phenol/chloroform extraction and isopropyl alco-(1 mmol/L), glycine (4 mmol/L), and glutamate (2
hol precipitation, the final pellet was vacuum dried andmmol/L) were also included in the proximal tubular mi-
resuspended in a RNA dilution buffer [10 mmol/L Tris-crodissection medium. All tubule samples were then
HCl, pH 7.6, 1 mmol/L ethylenediaminetetraacetic acidstored in a droplet of microdissection medium (2 mL) at
(EDTA), 2 mmol/L dithiothreitol, 40 U/mL ribonuclease48C until use.
The following segments were studied: nonlocalized inhibitor; RNasin; Promega Corp., Madison, WI, USA].
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Table 1. Forward and reverse sequences of the oligonucleotide primers for P2Y1, P2Y2 and P2Y4 receptors
Receptor Primer sequence Primer position Product length bp
P2Y1 forward 59-ACGTCAGATGAGTACCTGCG-39 1235–1254 289
P2Y1 reverse 59-CCCTGTCGTTGAAATCACAC-39 1504–1523
P2Y2 forward 59-CTGGTCCGCTTTGCCCGAGATG-39 1417–1438 311
P2Y2 reverse 59-TATCCTGAGTCCCTGCCAAATGAGA-39 1703–1727
P2Y4 forward 59-TGTTCCACCTGGCATTGTCAG-39 1566–1586 294
P2Y4 reverse 59-AAAGATTGGGCACGAGGCAG-39 1840–1859
It was previously determined that the yield of this extrac- for 1 minute was followed by a final 10-minute extension
stage (728C).tion procedure was in excess of 90% [16].
The resulting PCR products were resolved on a 2%
RT-PCR (wt/vol) agarose gel containing 10 mg/mL ethidium bro-
mide and visualized under ultraviolet illumination. TheFor RT-PCR experiments, specific primers were se-
lected from the sequence of the rat P2Y1, P2Y2 (P2U), nature of the PCR products was confirmed by sequenc-
ing (Oswel DNA Sequencing Laboratories, Southamp-and P2Y4 receptor cDNA by using Oligo Primer analysis
software (Medprobe, Oslo, Norway). Details of these ton, UK).
In all experiments, the presence of possible contami-primers are shown in Table 1.
In the first instance, P2Y2 receptor mRNA distribution nants was checked by control RT-PCR reactions on sam-
ples in which either mRNA was excluded (blank) or inwas studied with [a-32P]dCTP (Amersham Pharmacia
Biotech, Orsay, France) added to the PCR medium to which reverse transcriptase had been excluded from the
reverse transcription mixture (RTase2).allow a relative quantitation of the PCR product in the
different segments tested. For each segment, mRNA ex-
Statisticstracted from 1 mm tubule length was reverse transcribed
at 458C for 50 minutes as previously described [16]. The All data are presented as mean 6 SEM. Statistical
comparisons were made using Student’s t-test for pairedamplification reaction, performed in the same reaction
tube, included the following sequential steps: 958C for and unpaired samples and analysis of variance, as appro-
priate. Statistical significance was taken as P , 0.05.30 seconds, 608C for 30 seconds, and 728C for 1 minute
(26 cycles), plus an additional cycle with an elongation
time of 10 minutes. The samples were then electropho-
RESULTS
resed through a 2% agarose gel. After fixation in acetic
Effect of extracellular ATP on [Ca21]i: Comparisonacid and drying, the gel was submitted to phosphorim-
with norepinephrine, angiotensin II, and vasopressinager analysis (Molecular Dynamics, Evry, France). In
some experiments, [a-32P]dCTP was omitted from the In most segments, basal [Ca21]i was 100 to 150 nmol/L.
Higher values (200 to 250 nmol/L) were recorded in thePCR medium, and the number of cycles increased to 35.
After electrophoresis on agarose gel and ethidium bro- PCT, proximal straight tubule (PST), and CCD. High
values in the proximal segments may result from themide staining, it was verified that the cDNA bands (visi-
ble under ultraviolet light) were of the expected size. susceptibility of this segment to in vitro conditions; those
of the CCD may reflect the high baseline permeabilityDigestion of the PCR products with HindIII and Pvu II
gave the expected restriction profiles. to calcium of this segment [14, 18].
Superfusion with a solution containing adenosine orFor P2Y1 and P2Y4 receptor RT-PCR, 100 pg of
mRNA (1 mg for whole kidney) were reversed tran- the specific A1 receptor agonist N6-cyclohexyladenosine
(100 mmol/L) did not alter [Ca21]i (data not shown),scribed with 0.5 mg Oligo(dT) 12-18 primer and a first-
strand cDNA synthesis kit for RT-PCR (GIBCO BRL whereas superfusion with 100 mmol/L ATP repeatedly
caused a marked increase in cytosolic calcium in mostSuperscript II RNase H2 reverse transcriptase; GIBCO
BRL, Grand Island, NY, USA). cDNA synthesis reac- segments of the rat nephron (Fig. 1). In the TAL, how-
ever, only 38 out of the 78 segments tested respondedtions were carried out for each segment in the presence
or absence of reverse transcriptase, and 50% of the re- to application of this nucleotide.
The change in [Ca21]i in all segments was typicallysulting cDNA was used as a template with PCR Core
System I (Promega). For all experiments, denaturation biphasic, involving an immediate peak response followed
by a lower plateau phase that was sustained during theat 958C for three minutes was followed by 40 cycles at
958C (for 30 seconds) and then annealing for one minute application of ATP. Following the removal of ATP from
the bath and the return to superfusion with HBSS alone,(at 588C for P2Y1 and at 668C for P2Y4). A step at 728C
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Table 2. Comparison of the responses evoked by ATP (100 mmol/L)
and other calcium-mobilizing hormones
Hormone
ATP
Segment D[Ca21]i P D[Ca21]i Agent
PCT 488663 (5) NS 8106165 Noradrenaline
CTAL 80 628 (5) ,0.01 4886100 Angiotensin II
MTAL 61 618 (8) ,0.01 6186135 Angiotensin II
CCD 128 624 (6) NS 167625 Arginine vasopressin
OMCD 216 630 (7) ,0.05 360641 Arginine vasopressin
Data are presented as peak minus basal calcium (D[Ca21]i) in nmol/L. Values
are means 6 SE from 5 to 8 rats; number of tubules is in parentheses. Agents
were tested on the same microdissected rat nephron segments; the magnitude
of response was not dependent on the order of testing. Noradrenaline was used
at a concentration of 10 mmol/L; both angiotensin II and arginine vasopressin
(AVP) were used at 100 nmol/L. Column “P” denotes statistical comparison
(paired t-test) between ATP and agonists; NS, not significant.
Table 3. Effect of ATP (30 mmol/L), arginine vasopressin,
angiotensin II (at 100 nmol/L), noradrenaline (10 mmol/L),
and carbachol (100 mmol/L) on intracellular calcium
concentration ([Ca21]i) in rat thin descending limb
(DTL) and thin ascending limb (ATL) of Henle
DTL ATL
Agent D[Ca21]i nmol/L
ATP 428664 (7) 265645 (7)
Arginine vasopressin NR 292650 (7)
Angiotensin II NR NR
Noradrenaline 172641a (7) NR
Carbachol NR NR
Values are means 6 SE from 6 rats; number of tubules is in parentheses.
Data are presented as peak response minus resting [Ca21]i (D[Ca21]i).Fig. 1. (A) Sample trace showing the effect of removal of extracellular
aP , 0.01, compared with ATP response in the same tubule (paired t-test)calcium on the response to adenosine 59-triphosphate (ATP, 100
mmol/L) in isolated thin ascending limbs (ATL) and (B) peak ( )
and plateau (h) responses [presented with basal [Ca21]i subtracted
(D[Ca21]i)] to superfusion of microdissected nephron segments with
ATP (100 mmol/L). Data are means 6 SE of 10 to 20 segments tested because less is known about the effects of phospholipasein 10 to 15 rats.
C-stimulating agonists, we tested several agents (Table 3).
Of the agonists tested, only noradrenaline (10 mmol/L)
caused an increase in [Ca21]i in the DTL, and the effect
[Ca21]i rapidly returned to baseline values. During su- tended to be lower than that of ATP (Fig. 2A). In the
perfusion with a calcium-free medium, the plateau phase ATL, only AVP increased [Ca21]i, and the responses to
of the ATP response was abolished, but the peak re- ATP and AVP were of similar magnitude (Fig. 2B); the
mained unaffected, indicating mobilization of intracellu- effect of AVP is consistent with the reported presence
lar calcium. As an example, Figure 1A shows a sample of V1a receptor mRNA in this segment [19].
trace recorded in ATL that is typical of other nephron As no evidence for desensitization of the response to
segments. Figure 1B illustrates the net peak and plateau ATP in any segment was found, it was possible to test
responses along the nephron. several concentrations in the same tubule (Figs. 2 and
In most segments, the effect of ATP was compared 3A, as examples). In the PCT and DTL, significant in-
with the effect of agents already known to increase creases in [Ca21]i were obtained with 3 mmol/L ATP.
[Ca21]i through phospholipase C activation. The results Maximum activation was achieved below 100 mmol/L,
are shown in Table 2. Since these agents served only and the EC50 was between 10 and 30 mmol/L (Fig. 3B).
Although the absolute magnitude of the calcium re-as a positive control for the responses to extracellular
nucleotide, we did not perform statistical comparisons. sponse to ATP was lower in the OMCD, its sensitivity
to ATP was substantially higher (Fig. 3B): A significantNevertheless, it is evident that in the PCT and collecting
duct, ATP produced relatively large responses, as did [Ca21]i increase was obtained at a concentration of 1
mmol/L (Dpeak 5 41 6 10, P , 0.05). Maximum activa-noradrenaline and arginine vasopressin (AVP), respec-
tively. In the TAL, however, the effect of ATP was only tion was achieved at 30 mmol/L, and the EC50 was be-
tween 3 and 10 mmol/L.10 to 20% of that of angiotensin II. In the thin limbs,
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Fig. 3. (A) A representative trace of the ATP concentration-response
curve in DTL and (B) ATP concentration-response curves for DTL
(d), PCT (s), and OMCD (n). (B) The data are presented with basal
[Ca21]i subtracted (D[Ca21]i) and are means 6 SE of 5 to 15 segments
tested in 5 to 10 rats.
Fig. 2. Representative traces showing the effect of ATP (100 mmol/L)
and the phospholipase C-stimulating agonists noradrenaline (NAd; 10
mmol/L) and AVP (0.1 mmol/L) in the thin limbs of Henle. (A) In the
descending thin limb (DTL), noradrenaline was typically less potent
2MeSATP was equipotent with ATP (again tested in thethan ATP. (B) AVP and ATP were equipotent in the ascending thin
limb (ATL). same segment), whereas ATPgS was significantly less so
(P , 0.05; Fig. 4A). In the OMCD, all agents were found
to be equipotent (Fig. 4B).
Descending thin limb (DTL) and ascending thin limb
Receptor characterization: Functional (ATL) of Henle. The agonist profiles of the DTL and
P2Y receptor subtypes were characterized on the basis ATL were similar: ATP, UTP, and ATPgS were equipo-
of agonist profiles, comparing the relative potency of tent, whereas ADP and 2MeSATP had no significant
purine and pyrimidine nucleotides. All agents were effect (Fig. 5).
tested at 30 mmol/L.
Receptor characterization: MolecularProximal convoluted tubule (PCT) and outer medul-
lary collecting duct (OMCD). In PCT, the compounds To support the pharmacological characterization of
ATP, ADP, and uridine triphosphate (UTP) were all the P2Y receptors in these nephron segments, we used
tested in the same segment, and the adenine compounds RT-PCR to detect mRNA with primers for the rat P2Y1,
were found to be equipotent (Fig. 4A). UTP also pro- P2Y2, and P2Y4 receptors. mRNA for all three receptors
duced significant and consistent increases in [Ca21]i, but was detected in whole kidney; representative gels are
was less effective than either ATP or ADP (P , 0.05). shown in Figures 6 and 7.
In other tubules, the effects of 2MeSATP and ATPgS To investigate the relative distribution of the P2Y2
(P2U) receptors, radioactive dCTP was used. Table 4were measured. Both agents elicited a rise in [Ca21]i:
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Fig. 4. The peak increase in cytosolic free cal-
cium concentration elicited by 2MeSATP,
ADP, ATP, ATPgS and UTP tested at 30
mmol/L. Up to three compounds only were
used in any given segment. (A) In the PCT,
2MeSATP, ADP, and ATP were equipotent,
whereas the effects of UTP and ATPgS were
significantly lower (P , 0.05, analysis of vari-
ance), and (B) in the OMCD, all agents were
equipotent (analysis of variance). Data shown
in the histograms are presented with basal
[Ca21]i subtracted (D[Ca21]i) and are means 6
SE of 5 to 19 segments tested in 5 to 12 rats.
shows the results from these experiments and a sample by P2 receptors in the basolateral membrane of the rat
renal tubule. The initial peak response was unaffectedgel is presented in Figure 6. P2Y2 mRNA was detected
in all of the segments investigated, with the highest ex- by removal of calcium from the extracellular medium, a
result compatible with activation of phospholipase C-pression consistently in the OMCD. Although the rela-
tive expression in the tubular segments was variable be- coupled receptors (and release of calcium from intracel-
lular stores). These data are consistent with P2Y recep-tween animals, mRNA levels were, on average, lower in
the PCT and comparable in ATL, DTL and mTAL. tor-mediated responses, but do not exclude the presence
of P2X receptors in the kidney.The distribution of the P2Y1 receptor mRNA fitted
with the pharmacological profile, with clear bands in the The cortical and medullary TAL and DCT were the
least responsive segments to ATP (Fig. 1B) in the rat,PCT and OMCD. Interestingly, there were also bands
in the thin limbs of Henle and a very faint band in the in agreement with a previous report [8]. It is possible
that the isotonicity of the bathing medium in the presentmTAL.
P2Y4 receptor mRNA (Fig. 7B) was detected in PCT, and preceding studies could reduce responses in the
MTAL, since this segment normally occupies a hyper-ATL, mTAL, and OMCD, but not in DTL.
tonic environment. However, other medullary segments
respond to ATP under isotonic experimental conditions
DISCUSSION
[7, 8], and we found that basolateral application of both
P2Y receptors in the rat nephron ATP and UTP consistently caused large calcium re-
sponses in mouse TAL (data not shown), as was reportedIn the present study, we have measured the change in
intracellular free calcium concentration in response to by Paulais, Bandouin-Legros, and Teulon [11]. These
data indicate an important species difference with regardthe application of ATP to the basolateral membrane of
isolated rat nephron segments. In all segments, ATP (100 to the function or location of P2Y receptors.
At first sight, the low response of the rat TAL tommol/L) evoked transient increases in [Ca21]i, whereas
adenosine, used at the same concentration, was without ATP seems difficult to reconcile with the following two
observations: (1) P2Y1, P2Y2, and P2Y4 mRNAs are pres-effect. This indicates that the effect of ATP is mediated
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Fig. 5. The peak responses elicited by 2MeS-
ATP, ADP, ATP, ATPgS, and UTP tested
at 30 mmol/L in the (A) thin descending and
(B) thin ascending limbs of Henle (DTL and
ATL). Up to three agents were tested in the
same segment. In both cases, ATP, UTP, and
ATPgS were equipotent (analysis of variance),
whereas 2MeSATP and ADP were without
significant effect. These data are presented
with basal [Ca21]i subtracted (D[Ca21]i) and
are means 6 SE of four to eight segments
tested in four to eight rats.
Fig. 6. Sample gel from the RT-PCR experi-
ments showing P2Y2 receptor expression in
duplicate runs from each segment in the pres-
ence (RTase1) and absence (RTase2) of re-
verse transcriptase. [a-32P]dCTP was added to
the PCR medium allowing relative quantita-
tion of the PCR product in the different seg-
ments (Table 4).
Fig. 7. Sample gels from RT-PCR experi-
ments showing the distribution of mRNA in
isolated segments of the same rat. (A) P2Y1
receptor. (B) P2Y4 receptor. Similar data were
obtained from three other rats.
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Table 4. Relative expression of P2Y2 mRNA in the proximal P2Y receptors in the thin limbs of Henle
convoluted tubule (PCT), thin descending limb (DTL) of Henle,
ascending thin limb (ATL) of Henle, and medullary thick The nature of the P2Y receptor, as defined by agonist
ascending limb (MTAL) of Henle potency, appeared identical in the two segments. Since
neither ADP nor 2MeSATP produced calcium tran-Extract PCT DTL ATL MTAL OMCD
sients, it would appear that P2Y1 receptors are not func-1 15.6 22.0 9.4 34.4 100
2 4.2 20.6 31.6 16.0 100 tionally expressed in the basolateral membrane of the
3 15.0 18.0 26.7 20.0 100 thin limbs of Henle. However, there is expression of
4 14.7 35.4 26.8 46.4 100
P2Y1 mRNA in both the ATL and DTL. Assuming that
Mean6SEM 12.362.7 24.063.9 23.664.8 29.066.9 the protein is also expressed, it is likely to be on the
Data are individual values found in the four different extracts and are ex- luminal membrane or not coupled to phospholipase Cpressed as a percentage of the value in the OMCD.
activation.
ATP and UTP (applied basolaterally) were equipo-
tent. In the present study, it is impossible to say which
ent in the TAL (Figs. 6 and 7), and (2) autoradiographical receptor (P2Y2 or P2Y4) is functionally expressed on the
investigations in our laboratory have found dense bind- basis of sensitivity to UTP and ATP alone. To discrimi-
ing sites for [35S]ATPgS in isolated rat TAL, consistent nate between these two receptors, we performed RT-
with the presence of a P2Y2-like receptor (abstract; Chan PCR experiments. We conclude that the responses to
et al, J Am Soc Nephrol 7:1673, 1996). The small effect ATP and UTP in the DTL were mediated by P2Y2 recep-of ATP and analogues on [Ca21]i suggests that either tors alone, as P2Y4 receptor mRNA was not detected inP2Y receptors on the basolateral membrane of rat TAL this segment. This conclusion is supported by the fact
are not tightly coupled to intracellular calcium release that ATPgS, which is a full agonist at P2Y2 receptorsor that P2Y2 receptors are expressed predominantly in but only a partial agonist at P2Y4 receptors [12], wasthe luminal membrane of this segment, which was inac- equipotent to ATP and UTP in the rat DTL.
cessible to ATP in the present study. In the ATL, both P2Y2 and P2Y4 receptor mRNA
were detected. This segment was also fully responsiveP2Y receptors in the PCT
to ATPgS, suggesting that P2Y2 receptors, at least, arePharmacological characterization of the P2 receptor
present in the basolateral membrane.response suggests that the PCT expresses at least two
distinct P2 receptor subtypes. In accord with the findings P2Y receptors in the OMCD
of other groups [8, 9], our study found that ATP, ADP,
In the present study, the segment most sensitive toand 2MeSATP were equipotent, indicative of a P2Y1-
ATP was the OMCD. The response of rat collectinglike receptor. However, in contrast to previous data from
duct segments to extracellular nucleotides has been wellthe rat, we also found consistent responses to both UTP
documented, and several groups have demonstrated thatand ATPgS, a property that has been ascribed to the
both P2Y1-like and P2Y2-like receptors are present [5–8].pyrimidine receptor P2Y2. However, it has become evi-
It is interesting to note that unlike the PCT, all of thedent that these agents are also equipotent at the rat P2Y4
agonists tested produced responses of similar magnitudereceptor. In the present study, such responses, although
to that of ATP. If one assumes that ATP will activatequantitatively smaller than those to ATP, ADP, and
both receptor subtypes, the fact that the response to this2MeSATP, suggest the presence of a second receptor
nucleotide was not twice that of the P2Y1- or P2Y2-with characteristics of P2Y2 and P2Y4 receptors. Because
selective agents suggests that both receptors share a com-mRNAs for these receptors are both expressed in the
mon pool of intracellular calcium. In this respect, ourPCT, it is impossible to conclude which subtype(s) ac-
data suggest that both receptors are present on the samecounts for UTP-induced [Ca21]i variations in that seg-
cell. A recent publication has immunolocalized P2Y2 re-ment. Multiple receptor expression in this homogeneous
ceptors to the principal cell of the inner medullary col-segment may have important implications with regard
lecting duct (IMCD) [22]; whether this is an exclusiveto the physiological effects of the natural ligand, ATP,
cell localization in other portions of the collecting ductwhich is active at all of these receptors.
is not yet known. Although the presence of P2Y1 recep-ATP has several effects on proximal tubular function:
tors is clearly demonstrable on a pharmacological basis,it attenuates the parathyroid hormone-induced inhibi-
we have provided the first confirmation of this at thetion of phosphate transport [20], stimulates gluconeogen-
molecular level. Furthermore, as for the ATL, we haveesis [21], and activates basolateral chloride channels [10].
provided a molecular basis for suggesting that P2Y2At present, it is not possible to establish a link between
and/or P2Y4 receptors may mediate responses to ATP.these physiological effects, the presence of a given recep-
In conclusion, the results from the present study un-tor subtype, and ATP-induced phospholipase C activa-
tion. equivocally demonstrate the widespread presence of
Bailey et al: P2Y receptors in the rat nephron 1901
effect of AVP in rabbit CCT: Evidence for a nucleotide P2UP2Y receptors in isolated rat nephron segments, con-
receptor. Am J Physiol 267:F289–F295, 1994
firming and extending previous reports. Indeed, with the 7. Kishore BK, Chou CL, Knepper MA: Extracellular nucleotide
receptor inhibits AVP-stimulated water permeability in inner me-exception of the TAL, basolateral P2 receptors in all
dullar collecting duct. Am J Physiol 269:F863–F869, 1995segments produce significant changes in [Ca21]i at con- 8. Cha SH, Sekine T, Endou H: P2 purinoceptor localisation along
centrations of extracellular ATP that may be physiologi- rat nephron and evidence suggesting existence of subtypes P2Y1
and P2Y2. Am J Physiol 274:F1006–F1014, 1998cal [23, 24]. Moreover, activation of these receptors, cou-
9. Yamada H, Seki G, Taniguchi S, Uwatoko S, Suzuki K, Kuro-pled to ion and fluid transport, may be relevant to renal kawa K: Mechanism of [Ca21]i increase by extracellular ATP in
isolated rabbit renal proximal tubules. Am J Physiol 270:C1096–cystic disease in which higher levels of extracellular ATP
C1104, 1996have been recorded [24]. Pharmacological evidence sug-
10. Bouyer P, Paulais M, Cougnon M, Hulin P, Anagnostopoulos
gests that some nephron segments may express multiple T, Planelles G: Extracellular ATP raises intracellular calcium and
activates basolateral chloride conductance in Necturus proximalreceptor subtypes, and we have provided the first con-
tubule. J Physiol 510:535–548, 1998firmation of this at the molecular level. 11. Paulais M, Bandouin-Legros M, Teulon J: Extracellular ATP
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